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FURTHER INVESTIGATION COF A GAS TURBINE WITH NATINAL BUREAU
OF STANDARDS BODY 4811C CERAMIC ROTOR BLADES

By Jolm C. Freche

SUMMARY

National Bureau of Standards Body 4811C ceramic blades werse
used in a continustion of the investigation of the problems involved
in the adaption of ceramic materials to stressed turbine components.

Preliminary spin tests to tip speeds of 737 feet per second
(14,000 rpm) were made of all blade assemblies to check the blades
for flaws not revealed by visual inspection. Rotating heat-shock
runs were made with blades used in a previous endurance operation
and with new blades. The used blades wlthstood complete heat-shock

ycles in which the gas temperature wes varied from 300° to 1800°

to 300° F at centrifugal blade loads up to one-half the design

load. The new blades withstood similar complete heat-ghock cycles
at blade loads up to approximately three~fourths the design load.
Theste blades also successfully withstood a decreassing-temperature
heat shock in which the gas temperature was decreased from 1700°

$0 400° F in 4 seconds under a centrifugal load approximstely three-
fourths of the design value. These results indicated that a start-
ing and shutdown procedure more nearly llke that of a conventlonal
metal-blade turbine can be followed wlth Body 4811C blades.

Limited endurance opera.t:.on was conducted at an inlet-gas temper-
ature of 1800° F and a tip speed of 842 feet per second (16,000 rpm)
and at an inlet-gas temperature of 2000° F with a tip speed of
631 feet per second (12,000 rpm) without damage to the blades. These
conditions conslderably exceed those achieved with Body 4811C blades
during the previous investigation.

The investigation also showed that the method of reducing stress
concentrations at the blade supporting shoulders introduced in the
Previous investigation was satisfactory up to tip speeds of 842 feet
per second.
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INTRODUCTI N

An Investlgation of ceramic turbine blades 1s being conducted
at the NACA Lewls laboratory as part of a general program to in-
crease turbine-inlet gas temperatures. Several characteristics
thet make the use of ceramics for gas-turbine blades particularly
desirable are: (1) considerable reduction in heat loss as com-
pered with cooled turbines, (2) favorable strength-to-density ratio,
and (3) strength at high temperatures. '

The first ceramic turbine blades were made of sillimanite
(reference 1). Two blade designs were used; the second design
was developed for increased strength to correct the cause of
failure of the first design. The turbine was operated at inlet-
gas temperatures up to 1725° F and at turbine tip speeds up to
526 feet per second (10,000 rpm) with these blades. Another ceramic-
blade turbine was operated with National Bureau of Standards
Body 4811C blades of the same design as the second-type sillimanite
blades (reference 2). The turbine-disk design and the method of
blade attachment were altered to permit turbine operation up to
t1p spesds of 737 feet per second (14,000 rpm) and an inlet-gas
temperature of 1800° F. At that operating point, blades breakage
occurred because of a complete heat-shock cycle.

Although the specific problems involved in the adaption of
ceramic materials to stressed turbine components are still basically
the same, the emphasis on certain aspects has chenged. Because the
blade-mounting problem has been solved for tip speeds up to
737 feet per second (14,000 rpm) at high inlet-gas temperatures and
the fallure of Body 4811C blades was caused primarily by heat shock,
the problems for the investigation reported herein are in the order
of importance:

(1) The blades must withstend a reasonable heat shock while
being centrifugally stressed.

(2) The blades must be able to withstend high temperature and
the stresses of high-speed operaticn.

(3) The blades must be attached to the disk in such & manner
thet stress concentrations at the blade-supporting surfaces will be
minimized to prevent fracture and insure continued operation at
higher speeds and temperatures. :
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Because the limiting-strength conditlions of Body 4811C blades
wore not reached in the investigation described in reference 2, the
work with these blades was continued. No design changes were made
in the apparatus except for a few mechanicel adjustments in the disk
and shaft assembly. Because the blade breakage with Body 4811C
blades (reference 2) resulbed primerily from heat shock, a test was
designed to determine the heat-shock characteristics of these blades
mder centrifugal load. No measurements of blade temperatures were
made; all temperatures given are inlet-gas temperatures.

Spin, robating heat-shock, and endurance tests were made. The
spin tests consisted in operating the turblne in a partlal vacuum
up to & turbine tip speed of 737 feet per second (14,000 rpm) and
wore made with all blade assemblies prior to any other type of run
in order to eliminate blades with hidden flaws undetected by visual
inspection. The rotating heat-shock runs consisted in varying the
inlet-gas temperature over a definite range while the turbine was
being operated at each of several tip speeds up to 842 feet per second
(18,000 rym). The resulting centrifugal stress is approximately
three-fourths the design value of 8790 pounds per square inch at a tip
speed of 1000 feet per second (19,000 rpm) at the root of the aesrody-
nemic section of the blade. The minimum complete cycle of gas-
temperature variation wes 2 minutes end the maximum temperature range
was from 3000 to 18000 F. These runs were Intended to determine the
heat-shock resistance of Body 4811C blaedes under centrifugal stress so
that a safer and faster operating procedure could be evolved. The
endurance runs were made at turblne inlet-gas temperatures up to
2000° F and turbine tip speeds up to 842 feet per second (16,000 rpm)
to determine the limiting strength characteristics of Body 4811C
blades under bturbine operating condltions.

APPARATUS

The components of the turbine rotor and rig and the method of
supporting the blades in the rotor are described in reference 2.

Blade material. - The blade materlal used in this investigation
and in reference 2 was National Bureau of Stendards Body 481L1C. In
reference 2 the material is designated National Bureau of Standards
Body 4811 similar to the Bureau of Stendards usage in reference 3.
The designation in reference 4 is "Body 4811C, 48BeO, Al.0z, Zro0g

(mole) plus 2 percent Cal by weight."! The nominal composition of
this material in percent by welght is

Ca0 BeO A104 Zx0,,

200 . 8402 7-2 . 8-6
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In accordance with the usage of reference 4, the material will be
designated herein Body 4811C.

Turbine disks. - Minor mechanical changes were made 1n the
experimental apparatus to provide e better method of fastening the
disks together and to the shaft. These changes resulted in &
slmplified method of assembly and added to the mechanical stablility
of the rig. The dlsk bore was increased and a sleeve was provided
upon which the disks were placed and so pinned that no relative
motion between sleeve and disks could occur (fig. 1). This disk-
and-sleeve aggembly was slipped over the shaft and held in place by
another nut that locked the sleeve to the shaft. The intermedieary
sleeve was placed bhetween the disks and the shaft to absorb possible
bending loads lmposed on the shaft from e slight misalinement of the
heavy dlsks. Four through bolie were installed at a radius slightly
lese than the inner radius of the blade-ring assembly as an additional
means of uvniformly clamping the disks together (fig. 1).

In assembling the disks and the blade ring, an axial load was
applied to the disks by a hydraulic press while the lock nut wes
tlghtened on the sleeove and the distance across the disks at the
outermost radius was measured at 90° intervals vhere the through
bolts wore located. These bolts were tightened as reguired to
maintain & constant measured distance across the disks around the
entire disk circumference untll the center lock nut was completely
drawvn up. The bolts were then locked to the disks.

Blade agsembly. -~ The method of assembling the blade ring for the
endurance runs was the same as that iIn reference 2. For the rotating
heat-shock cycles, however, the assembly consisted of four blades and
four metal spacers. This blade ring did not require use of the
assembly flxture described In reference l. A strip of 0.025-inch
asbestos cloth was fastened with a quick-drylng cement around the
base of the blades to reduce the possibllity of demage from motion
of the blades relative to the metal spacers. A 0.032-inch asbestos-
cloth cushion was fastened around the sides and shoulders of the
blade bases in contact with the disk-clamping surfaces.  The four
blades were then separated by four metal spacers contoured to match
the rotor-clamping surfaces and clampef. between the two disks. The
rotor assembled with four blades and four metael spacers is shown in
figure 2.

Instrumentation. - The ingtrumentetlion was the same as that
described in reference 2. A high-speed recording potenticmeter was
added for the hest-shock runs to record changes in gas temperaturs.

*

1228
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PROCEDURE
The scope of the investigation is glven in table I.

Spin tests. - The spin runs are described in reference 2.
Briefly, they consisted in operating the turbine cold in a partial
vacuum up to & tip speed of 737 feet per second (14,000 rpm), which
is equivalent to approximately one-half design load on the blade sup-
porting shoulder. This procedure was followed three times with each
blade assembly prior to any hot-ges runs. By this means, any unde-
tected flaws that might cause blade fallure would probably be elin-
inated snd thus simplify the analysis of any blade breaks occurring
in the hot rums.

Rotating heat-shock runs. - A series of runs was made to deter-
mine the effect of superimposing thermal stresses on the centrifugal
strosses present in Body 4811C blades during bturbine operation.
During these runs, the turbine was operated at constant speed to pro-
vide centrifugal blade loading., The Inlet-gas temperature was In-
creased Trom a minimum to a maximum value and then decreased to the
original temperature during a specified perlod of time. Each period
of time or cycle was dlvided as far as possible into equal Iincrements.
For example, in a 3-mlinubte cycle, 1 minubte was required to increase
the gas temperature from the minimm to the maximum value. The temper-
ature was held at this maximm value for 1 minute and 1 minute was
required to decrease the temperature to the minimum value.

The temperature verlation with time for one complete series of
heat-shock cycles is presented in figure 3. The gas temperature was
varied by menual adjustments of the valve controlling the fuel supply
to the burner. A constant rate of temperature increase or decrease
was not always maintained, which explains the absence of parallellem
in some of the curves.

Blade assenmbly 1 consisted of four slightly chipped Body 4811C
blades (remaining from the endurence operation of reference 2) sepa-
rated by four metal spacers. Such an assembly was used to conserve
blades and o lessen the possibllity of any blades being damaged by
Plying chips from an adjacent blade breaksge. Cycles of 5, 4, 3,
end 2 minutes were run during which the inlet-gas temperature was
varied from 300° to 1200° to 300° F at each of three tip speeds,
263, 526, and 737 feet per second (5000, 10,000, and 14,000 rpm,
respectively). Similar cycles were run during which the inlet-gas
temperature was veried from 300° to 1800° to 300° F at each of the
three tip speeds. :
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Blade assembly 2 consigted of new Body 4811C blades sepa-
rated by four metal spacers. Cycles of 5, 4, 3, and 2 minutes
were run during 'whicg the inlet-gas temperature was varied from
300° to 1200° to 300° F at each of three tlp speeds, 263, 526, and
737 feet per seccnd.

Blade asgembly 3 also comsisted of four new Body 4811C
blades separated by four metal spacers. Time cycles of 2, 3, 4,
and 5 minutes were run at a turbine tip speed of 737 feet per
second, during which the inlet-gas temperature was varied from
300° to 1800° to 300° F. The cycles were run in this order, the
shortest first, in order to subject the blades immediately to the
severest conditions of all the previous cycles. Cycles of 5, 4, 3,
and 2 minutes were also run at a tip speed of 842 feet per second
(16,000 rpm) during each of which the inlet-gas temperature was
veried over the same range. This blade assembly was also subJected
to a blow-out cycle in which the Inlet-gas temperature was decreased
from 1700° to 400° F in 4 seccmds while the turbine was running at
& tlp speed of 842 feet per second.

Blade assembly 4 consisted of a complete set of 58 new
Body 4811C blades. Runs with blade assembly 4 consisted essentially
of periods of endurance operaticn at ever-increasing conditions of
inlet-gas temperature and turblne tip speed. The turblne was
opereted at an inlet-gas temperature of 1800° F and tip speeds of
137, 789, and 842 feet per second (14,000, 15,000, and 16,000 rpm).
The turbine wes also operated at sn inlet-gas temperature of 2000° F
and a tip speed of 631 feet per secand (12,000 rpm).

Method of operaticn. - A detalled description of the method of
turbine operation 1ls glven in reference 2. Some changes have been
Incorporated, however, perticularly in the robating heat-shock
cycles. In making these runs, the outlet pressure was set to give
a low pressure drop (1.5 in. Hg) across the turbine and the burner
started at a fuel flow that gave an inlet-gas bemperature of approxi-
mately 300° F. At this point the turbine was accelerated to a tip
speed corresponding to that at which a particular series of cycles
was to be run. The pressure drop was then set according to values
of inlet and outlet pressure computed to maintain zero angle of
attack for an assumed constant value (90 percent) of nozzle efficlency
for the combination of speed and maximum cycle temperature to be
run. The fuel flow was adjusted to vary the inlet-ges temperatures
over a definite range in equal increments in each of several time
cycles. In rumning the blow-out cycle, the gas temperature was
reduced as quickly as possible by campletely shutting off the
fuel supply.

1228
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The operating procedure for the endurance runs was similar to
that of reference 2 except for the rate at which the inlet-gas
temperature was lncreased in setting an operating point. Such
temperature change was accompllshed at a rate approximately five
times as fast as in the previous running, about a 500° F increase
per minute.

RESULTS AND DISCUSSION
A summary of operating conditions and results is glven in teble II.

Spin tests. - Blade assemblies 1, 2, 3, and 4 successfully with-
stood the spin tests previously described.

Rotating heat-shock runs. - Blade assembly 1 was subJected %o
& series of heat-shock cycles at tip speeds up to 737 feet per second.
The minimum-shock cycle was & change in gas temperature from 300° to
1200° to 300° F in 5 minutes. The rate of inlet-gas temperature in-
crease was equal to approximetely 9° F per second and the ra.'be of
inlet-gas temperature decrease wes equel to approximately 9% F per
second. The maximum- shock cycle was & change In inlet-gas temperature
from 300° to 1800° to 300° F in 2 minutes. The rate of inlet-gas
temperature increasse was equal to approximetely 37% F per second
and the rate of inlet-gas temperature decrease wes equivalent to
approximatély 37%° F per second. The blades successfully withstood

the complete series of heat-shock cycles except for a small pert of
the leading edge of one blade. Inspection of the turbine after the
first series of cycles at a turbine tip speed of 263 feet per sec=-
ond revealed that a small part of the leading edge of one blade had
chipped off. A closse-up of this blade stlll assembled in the tur-
bine wheel after the entire series of runs had been completed is
shown in figure 4. All four blades used in this series of heat-shock
cycles had already been chipped during previous endurance runs, but
the rough edges had been honed prior to assembly in the turblne. It
1s possible that the chip lost during the heat-shock tests was the
result of a previocusly wndetected crack. Because no other breakage
occurred Body 4811C blades evidently have a greater heat-shock re-
slstance under load than was indicated by operation in reference 2.

Blaede assembly 2 wilth four new Body 4811C blades was subjected
to a series of heat-shock cycles wmder load that were intended to
duplicate the conditions of the runs to which blade sssembly 1 had
been subJjected. A beneficial heat-treating effect may possibly have
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occurred during the previous endurance operation of the blades
uged in assembly 1 enabling them to withstand the heat-shock
cycles (reference 4). Additional runs under the same conditlons
vere mede wlth new Body 4811C blades to indicate whether such
blades were equally resistant to heat shock under load. Approxi-
mately one-half of the intended cycles had been completed when a
broken blade resulted during the 3-minute, 300° to 1200° to

300° ¥ cycle at 737 feet per second. At the time of breakage,
the blades had successfully withstood temperature changes from
300° to 1200° to 300° F at 263 and 526 feet per second for each
-cycle run with blade assembly 1. In view of subsequent results
with blade assembly 3, the broken blade probably resulted from
an internal flaw that was insufficiently developed to fail in the
spin tests.

Blade assembly 3. also contained four new Body 4811C blades.
This assembly was subJjected to similar heat-shock cycles insofar as
the temperature range and duration of each cycle is concermed;
however, the turbine wes operated at tip speeds of 737 and 842 feet
per second and a maximum temperature of 1800° F. In addition, &
blow-out cycle was run at 842 feet per second. The blades success-
fully withstood all heat-shock tests and were not chipped or demaged
in any way. In these runs, the blades were subjected to greater
combined centrifugal and thermal stress loads than blade assembly 2
had undergone. The blow-out cycle was run to simulste as nearly as
possible the blade stresses encountered in an actual flight installa-
tion when the fuel supply 1s suddenly lost. Such a cycle is similar
to a decreasing-temperature heat shock such as occurred with an entire
blade ring of Body 4811C blades in previous running (reference 2).

In the investigation reported herein, however, the centrifugal load
on the blades was three times es great as in the emergency shutdown
described in reference 2. Even in the emergency shutdown, only one
blade broke after 23 hours of high-temperature endurance operation;
Body 4811C blades demonstrated good decreasing-temperature heat-shock
resistant properties. These properties are even further demonstrated
by the blow-out cycle deascribed hersein.

Blade assembly 4 consisting of 58 new Body 4811C blades was
operated for 60-minute intervals at lgOO F and various tip speeds
up to 842 feet per second and at 2000 F at a tip speed of 631 feet
ver second wlthout any damage to the blades. The turbine rotor and
blade assembly after this period of operation is shown in figure 5.
These runs were essentlally endurance tests to determine the limiting
conditions attainable with Body 4811C blades. The minimum operating
conditions set for this run were the same as the maximum operating
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conditions attained in the earlier investigation (reference 2).
When the turbinse was disassembled for inspection, it was found
that the metal disks had become distorted.

SUMMARY OF RESULTS

The following results were obtained from the continued in-
vestigation of a gas turbine with National Bureau of Standards
Body 4811C ceramic rotor Dblades:

l. The turblne was rm cold without blade failure up to a
tip speed of 737 feet per second with each blade assembly prior
to the hot-gas tests.

2. Blade assembly 1, which con‘bained blades subJected to
previous endurance operation at 1800° F, withstood complets heat-
shock cycles in which the gas temperature was variled from 300° to
1800° to 300° F at various tip speeds up to 737 feet per second,
which is equivaelent to centrifugal blade loads of one-half design
velue. Only the leading edge of one blede was chipped during
these runs.

3. Blade assembly 3 contalning new blades also withstood
simllar heat-shock cycles &t tip speeds of 737 and 832 feet per
second, which are equivalent to blade centrifugal loads of approxi-
mately one-half and three-fourths design value, wilthout damage.
These blades elso withstood without damage a decreasing-temperature
heat-ghock cycle in which the inlet-gas temperature was decrsased
from 1700° to 400° F in 4 seconds under centrifugal blade load
three-fourths of design value.

4. The 'tur'bine was operated with & complete set of 58 new
blades at 1800° F and a 'bip speed of 842 feet per second
(16,000 rym) and at 2000° F with a tip speed of 631 feet per sec-
ond (12,000 rpm) without damage to the blades. These conditions
conslderably exceed the maximum operating conditions attained with
Body 4811C blades during the previcus investigation.

5. The method of reducing stress concentratlions at the blade
supporting shoulders Introduced in a previous investigation was
satisfactory up to tip speeds of 842 feet per second (16,000 rpm).
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6. Body 4811C blades demonstrated the abllity to wlthstand
thermel-shock condltions under centrifugal loading in the turbine
used. As a result, a turbine starting and shutdown procedure more
nearly like that of conventional metal-blade turblnes than has
been used heretofore can be followed with Body 4811C blades.

Lewig Flight Propulslon Laboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohio.
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TABLE I - SUMMARY OF PROCEDURE FOR ROTOR-BLADE INVESTIGATION

Type of Blade- Inlet-gas Turbine Cycle
test ring temperature tip speed (min)l
assembly (°F) | (£t/sec)
. Spin 1 Eoom tem- 137
2 perature
Botating 1 300-1200-300 | 263,526,737 5
heat shock
3
2
300-1800-300 | 263,526,737 E
3
2
2 300-1200-300 | 263,526,737 3
3
. 2
3 300-1800-300 737 §
i
5
gLz 5
4
3
2
Blow-out 1700-400 842 4 (sec)
Endurance 4 1800 737,789,842 ~§ERa
2000 - 631 G

1l
Each cycle was divided, as far as possible, into equal increments.



PABLE II - CEEAMIC-BLADE TURBINE INVESTIGAEICK

[A11 vlade sssemblies successfully underwent spin tests st turbine tip speed
of 737 ft/ssc (14,000 rpm); cold unit was brought wp to speed thres iimes |

Hlade ‘Eype of Cycle| Approxi- |Approxi- | Inlet—gas Torbine Tarbine spesd Bamayks
assenbly| assembly | time | mats rate|mate rat'e| temperature| tip mpeed (xpa)
(min) | of 1nlet-|of inlet- (°r) (£5/ sec)
gas-ta- |zas-tem-
parature |peraturs
increase |decrsase
. (°F/noc) |(°F/mac)

1 Four pre-| 5 9 9 300-1200-300| 263, 526, 737| 5000, 10,000, 1H,000| Boteting best-shock
viously L 11% 1. teat. Only leading
used 3 15 15 edge of ons blade
Body 2 223 224 chipped during run.
ieLc 5 15 15~ |300-1800-300| 263,526, T37| 5000, 10,000, 1%,000
blades i 184 184

| ana 3 % »
four metal] 2 3% 374
SpACers __

2 Tour new E 9 9  -|300-1200-300|263,526, 737| 5000, 10,000, 1,000/ Botating heat-shock
Body 1% 1t test. Blade failed
hg11c 3 15 15 during Fmimate cyole
blades 2 22% 224 at turtine tip speed of
and four . 737 fest per second
metal (1h,000 rpm).
spacers '

3 Your new 2 374 3% |300-1800-300 137 11,000 Botating heat-shock
Body g ] tast, Completed
hgLe 18 % 18d _ test with no demage
blaiss 5 15 15 to blades. i
and four E 1% 15 300=-1200-300 s 16,000
metel 184 154
Spacers 3 2 2

2 373 373
W(gec) 325 1700-400 gl 156,000 Hlow-out cycle.
RN Complete | 60 1800 7371 14,000 Hladss undsmaged.
ring of &0 13800 789 15,000 Forthsr operation
Body &0 1800 Yo 16,000 halted becezuse of
1c a0 2000 31 12,000 distortion of disks.
blades
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Figure 2. - Turbine wheel assembled with four Body 4811C blades and four metal spacers for
rotating heat-shock runs.
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Figmme 4. = Cloge~-up of turbine hiade showing leading edge chipped dwring roteblng heat-shook rims with blade assesibly 1.
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